Accumulation of molybdenum in
Introduction
The goal of these studies was to obtain insight into the processes that control accumulation and biotransformation of tungsten (W) in plants. So far, very little is known about the mechanisms of W sequestration by plants. Tungsten is not considered an essential element for plants (Marschner 1995) . However, there are several reports of tungsten-containing enzymes in bacteria (Adams 1994) . These microorganisms are usually hyperthermophilic Archaea living in the vicinity of hydrothermal vents or hot springs where the availability of W is increased (Hagen and Arendsen 1998) . In all characterized W enzymes the metal is associated with two pyranopterin-dithiolene cofactors, known as molybdopterin (Johnson et al. 1996 , Kisker et al. 1997 ) --note that molybdopterin does not contain molybdenum (Mo) itself but is named for its common association with that metal. In general, hyperthermophilic Archaea seem to lack Mo enzymes, and W apparently fills a role similar to that of Abbreviations -XAS, X-ray Absorption Spectroscopy. Physiol. Plant. 116, 2002 351 Anthocyanin production was upregulated 3-fold by W in B. juncea, possibly reflecting a function for anthocyanins in W tolerance or sequestration. The presence of anthocyanins facilitated W accumulation in B. rapa: anthocyanin-containing seedlings accumulated 3-fold more W than an anthocyaninless mutant. There was no correlation between anthocyanin content and W tolerance under these conditions. The nature of the interaction between anthocyanins and tungstate was investigated. X-ray absorption spectroscopy showed no change in the local chemical environment of W upon uptake of tungstate by the plant; HPLC analysis of purified anthocyanin with or without tungstate showed no peak shift after metal treatment.
Mo in other organisms, being important in two-electron redox reactions. Compared to Mo, W is better suited to catalysis of kinetically rapid, low-potential redox reactions at high temperatures, which is in accord with their apparent role in hyperthermophilic organisms (Johnson et al. 1996) . The fact that W and Mo can perform similar functions in different organisms reflects their chemical similarity.
Mining of W deposits in the earth's crust has led to significant redistribution of W into the human environment (Hagen and Arendsen 1998) . Tungsten exposure has been reported to cause DNA damage (Krysiak et al. 1999 ) and the lung disease pneumoconiosis (Peao et al. 1993) . As the redistribution of W continues, the need to remediate W pollution in the environment is becoming more critical. It may be possible to use plants to remediate tungsten-polluted soil and water. Efficient phytoremediation of W is currently hampered by the lack of knowledge about the mechanisms by which plants accumulate and tolerate W. In the present study the possible involvement of anthocyanins in W sequestration by plants is explored.
Anthocyanin content was found to be correlated with Mo sequestration in Brassica rapa (Hale et al. 2001) , suggesting a role for anthocyanins in Mo accumulation. It is not entirely surprising if anthocyanins play a role in metal sequestration and tolerance. A role for anthocyanins in free radical scavenging has been proposed earlier, and metals are known to lead to free radical formation (Yamasaki 1997) . Moreover, anthocyanins are produced in response to various types of stress, including metal stress (Zhou and Goldsbrough 1993, ChalkerScott 1999) . Other proposed roles for anthocyanins include attraction of pollinators and seed dispersers (Mol et al. 1996) , protection from excess light (Klaper et al. 1996 , Barker et al. 1997 , Dodd et al. 1998 , and defense against herbivores (Coley and Kusar 1996) .
Molybdenum sequestration by B. rapa appeared to involve the formation of a blue anthocyanin-molybdate complex (Hale et al. 2001 ). This finding is in agreement with earlier reports that metal complexation plays a role in determining anthocyanin colour (Elhabiri et al. 1997 ).
Since tungstate is chemically similar to molybdate, it may be complexed by anthocyanins as well, and W accumulation may be directly correlated with anthocyanin content. To explore the role of anthocyanins in W sequestration, Brassica species with different anthocyanin levels were compared with respect to their W accumulation and tolerance. It was found that anthocyanins facilitate W accumulation; W sequestration was associated with the formation of a blue compound due to direct interaction between anthocyanins and tungstate.
Materials and methods

Plant material
B. rapa seeds (cultivar Fast plants, accession numbers C1-108, C1-34, C1-67) were obtained from the Crucifer Genetics Cooperative Department of Plant Pathology, University of Wisconsin-Madison, USA. B. juncea seeds (accession number 173874) were obtained from the North Central Regional Plant Introduction Station (Ames, IA, USA). B. oleracea (red cabbage) was obtained from a local supermarket.
Seedling growth experiments
B. juncea seeds were surface-sterilized as described previously (Hale et al. 2001 
Elemental analysis
Dried plant samples (20 mg) were acid-digested according to the method of Zarcinas et al. (1987) . Metal concentrations were determined in the acid digests using Inductively Coupled Plasma Emission Spectrometry (ICP-AES, Thermo Jarrell Ash, Franklin, MA, USA) according to the method of Fassel (1978) .
X-ray Absorption Spectroscopy (XAS)
Shoot and root tissues were collected from 7-day-old B. juncea seedlings supplied with 100 mg l ª1 W as Na 2 WO 4 . The samples were frozen in liquid nitrogen, ground to a fine texture, and stored at ª80aeC. X-ray absorption spectroscopy of frozen plant tissues was carried out on beam line 4-3 of the Stanford Synchrotron Radiation Laboratory (SSRL), with a Si (220) double crystal monochromator, an upstream aperture of 1 mm, and no focusing optics. Samples, either ground plant material or dilute solutions of standards, were transferred to Lucite cuvettes with Mylar tape for windows. During data collection, the cuvettes were maintained at approximately 15 K in a flowing liquid helium cryostat. X-ray absorption spectra were measured in fluorescence using a 13-element germanium detector. Energy calibration was achieved by collecting the spectrum of a metallic tungsten foil in transmittance simultaneously with the data; the first energy-inflection of the W L IIIedge was assumed to be 10207.0 eV.
X-ray absorption spectroscopy data were analysed using the EXAFSPAK suite of programs (http:// ssrl.slac.stanford.edu/exafspak.html).
Anthocyanin analyses
Crude anthocyanin extracts were made from fresh plant tissue in a 70% methanol/1% HCl solution. These extracts were used to compare total anthocyanin profiles by HPLC. Quantification of anthocyanins was done spectrophotometrically. The values are reported as A 535 ª 2 (A 652 ) g ª1 FW (Lange et al. 1970 ). For initial colour reactions with tungstate, the crude anthocyanin extracts were partially purified by paper chromatography as follows. The crude extract was spotted on Whatman .1 chromatography paper. The chromatogram was developed in 4:1:5 butanol:acetic acid:-water (BAW); the pink spot was cut out and eluted in 1 ml of 70% methanol/1% HCl solution. This resulted in a mix of about four different anthocyanins (judged from HPLC) and removed most of the other flavonoids. This partially purified anthocyanin mixture was used to test for colour reaction with metals (Figs 5 and 8A). The solutions were brought up to pH 5 in order to resemble vacuolar pH. Then, 10 g l ª1 metal solutions were added 1:10 (v/v) to the anthocyanin extracts, and colour changes were monitored.
Anthocyanin purification from B. oleracea was performed essentially as described by Wang et al. (2000) . Anthocyanins were separated by reversed-phase HPLC on a Dionex 201TP C18 (0.42 ¿ 15 cm) column connected to a Dionex Summit HPLC system (Dionex, Sunnyvale, CA, USA). Elution was monitored by simultaneously measuring absorbance at 220, 280, 530 and 550 nm 5% formic acid was used as solvent A and HPLC grade methanol as solvent B. The flow rate was 1 ml min ª1 . The following elution profile was used. 10% B from 0 to 3 min, 10-25% B linear gradient from 3 to 18 min, 25-50% B from 18 to 33 min, then up to 75% for 3 min and back to 10% B for 4 min.
Statistical analyses
The JMP-IN statistical software package (SAS institute) was used to compare each pair of means obtained from an experiment (t-test, aΩ 0.05).
Results
Initial experiments using B. juncea seedlings grown on agar medium supplied with colourless tungstate showed a blue coloration of the hypocotyl of the seedlings (Fig.  1A) . Cross-sections of the tungstate-treated seedlings showed the blue compound to be contained in the periphery of the hypocotyl, in the epidermal and subepidermal layers (Fig. 1B) . Untreated B. juncea seedlings did not show the blue coloration (Fig. 1C) , suggesting that tungsten (W) is involved in the formation of these blue compounds. There was some variation in blueness among the individual seedlings. The seedlings were divided into two groups, a bluer and a less blue group, and analysed for W concentration. The bluer seedlings contained 2-fold higher W levels than the less blue seedlings (P Ͻ 0.05, Fig. 2 ). Thus, the intensity of the blue colour was correlated with the tissue W concentration. To test whether the blue compound was anthocyanin, the seedlings were extracted in 70% methanol/1% HCl. As the blue compound moved out of the plant tissue into the solution it changed colour to pink. Spectrometric analysis of the W-treated and control seedlings revealed a 3-fold higher anthocyanin level in the W-treated seedlings (P Ͻ 0.05, Fig. 3 ). Together this suggests that the blue compound was indeed anthocyanin, and that the interaction of anthocyanin with tungstate causes a colour shift to blue.
X-ray Absorption Spectroscopy (XAS) was used to Physiol. Plant. 116, 2002 353 provide more information about the chemical form of W present in the B. juncea seedlings. Figure 4 shows the W L III near-edge spectra of tungstate [WO 4 ] 2-in aqueous solution, and after having been taken up into the plants. The two spectra are essentially identical, with an intense peak centred at 10212.7 eV, which is due to dipole-allowed transitions from the core 2p level to the vacant 5d W (VI) manifold. The near identity of the two spectra in Fig. 2 clearly indicates that the local chemical environment of the tungsten in the plant material is essentially the same as that in tungstate, WO 4 2-. To further investigate the involvement of anthocyanins in the formation of the blue compounds in tungstensupplied seedlings, different genotypes of rapid-cycling B. rapa (Fast plants) that produce either high levels of anthocyanin (C1-67), normal levels of anthocyanin (C1-34) or are incapable of anthocyanin production (C1-108), were supplied with tungstate. The anthocyaninless mutant showed no blue coloration, in contrast to the anthocyanin-containing plants (Fig. 5A) . Furthermore, the intensity of the blue colour found in the anthocyanin-containing plants was proportional to the anthocyanin levels. To visualize the tissue distribution of the coloured compounds, B. rapa plants, grown with or without tungstate were cross-sectioned, and the presence of the blue compound and anthocyanins were monitored. Treated and non-treated anthocyaninless mutants showed no accumulation of coloured compounds (Fig.  5B, left) . However, in the anthocyanin-containing plants the anthocyanin present in non-treated seedlings (Fig.  5B , top right) co-localized with the blue compound found in tungstate-treated seedlings (Fig. 5B , bottom right), as both were concentrated in the peripheral cell layers. Therefore, the tissue distribution of anthocyanin is identical to that of the blue compound, suggesting a relationship between the two.
To test for a direct interaction between tungstate and anthocyanins, partially purified anthocyanin extracts Physiol. Plant. 116, 2002 354 were made from the three B. rapa genotypes and supplied with tungstate solution in vitro. The extract from the anthocyaninless plants remained colourless after the addition of tungstate, while the C1-34 and C1-67 extracts immediately turned blue (Fig. 5C, right) . Care was taken that the addition of tungstate did not alter the pH of the extract, so the colour change was not merely the result of a change in pH. These results suggest that the blue coloration in the seedlings is the direct result of the interaction of one or more anthocyanins with tungstate, presumably in the vacuole. The questions remain, which of the anthocyanins is responsible for this colour change, what is the exact nature of the anthocyanin-tungstate interaction, and does this phenomenon have any ecophysiological function for the plant. To address the first two questions, individual anthocyanins were purified by HPLC reverse phase chromatography, and tungstate was added to them. Since B. rapa does not produce enough biomass to do large-scale anthocyanin purification, and B. juncea does not produce enough anthocyanins, B. oleracea (red cabbage) was chosen for this purpose. First, the HPLC chromatograms of crude anthocyanin extracts were compared between B. rapa and B. oleracea (Fig. 6A) . The two most prominent peaks were the same for both extracts, as judged from retention time (27.5 and 28.5 min) and their OD 530 /OD 280 ratio. The fractions containing these different peaks were collected from B. oleracea and the peaks were determined to be 94% pure (judged from analytical HPLC with detection at 220, 280, 530 and 550 nm, comparing peak area/total area). Addition of tungstate to the isolated anthocyanins resulted in a blue coloration with both of the peaks; the results obtained with the 28.5 min peak (i.e. the equivalent of the major B. rapa peak, as indicated with an arrow in Fig. 6A ) are shown in Fig. 6B ,C. The absorption maximum shifted from 535 nm without tungstate to 568 nm (and 250 nm) with tungstate. Both solutions were adjusted to the same pH of 5, so this shift was not a pH effect. Incidentally, the pH-related colour change to the anthocyanin upon addition of NaOH was associated with a clearly distinct absorption spectrum (not shown), and this reaction is completely reversible by adding HCl to restore the original pH. In contrast, the blue colour after addition of tungstate was stable over a wide pH range. Taken together, these results suggest that the blue colour change is a specific reaction between anthocyanin and tungstate, but appears to be a shared property of anthocyanins rather than specific for one type of anthocyanin. After addition of tungstate to the isolated peaks, the fractions with and without W were compared by analytical reverse phase HPLC. The chromatograms with and without W appear identical based on their retention time and OD 530 /OD 280 and OD 530 /OD 550 (Fig.  6C ). This suggests that any structure change in the anthocyanin due to interaction with the tungstate ions was lost during the run or that the reaction between anthocyanin and tungstate did not result in a structural change in the anthocyanin. The other major anthocyanin peak (with a retention time of 27.5 min) showed similar results to those shown in Fig. 6B ,C, except that the original absorption maximum was at 523 nm.
To explore a possible ecophysiological function for the reaction of anthocyanins with tungstate, W accumulation and tolerance were compared between the three B. rapa genotypes after being supplied with 100 mg l ª1 tungstate. The anthocyanin-containing plants contained 3-fold higher shoot W levels than the anthocyaninless mutant (Fig. 7A) . There was no correlation between Physiol. Plant. 116, 2002 355 tungsten tolerance and anthocyanin content, based on FW or root length (Fig. 7B) .
Thus, anthocyanins appear to facilitate sequestration of W as well as Mo, via a reaction between the anthocyanins and the oxyanions, resulting in a colour change to blue. This raises the question whether similar interactions occur between anthocyanins and other metals, and whether this also leads to enhanced metal sequestration. In a first approach to address this question, anthocyanin extract from B. oleracea was amended with the metals cadmium, chromate, selenate and vanadate, as well as molybdate and tungstate for comparison (Fig. 8A) . The anthocyanins coloured different shades of blue with chromate, and vanadate, but not with cadmium and selenate. As expected, they also turned blue with molybdate and tungstate. These effects were not pH effects, since the pH was maintained at 5; moreover, the blue colour was stable over a wide pH range.
To explore the involvement of anthocyanins in sequestration of these other elements, the three B. rapa genotypes were grown on agar media supplied with selenate, vanadate, chromate, and cadmium, and their tolerance and metal accumulation were determined. No blue coloration was observed in the seedlings for any of the metals. The anthocyaninless variety C1-108 contained significantly lower levels of Se, V and Cd than the high anthocyanin variety C1-67, while there were no differences in Cr concentration (Fig. 8B ). The variety with intermediate anthocyanin levels, C1-34, generally showed metal concentrations intermediate between C1-108 and C1-67. The differences in metal accumulation between the anthocyaninless and anthocyanin-containing B. rapa plants were smaller for Se, V and Cd (up to 1.4-fold) than for W (3-fold). No correlations were observed between anthocyanin content and metal tolerance for any of the metals, based on FW or root length (Table 1) .
Discussion
Anthocyanins of several Brassica species were shown to interact directly with tungstate, leading to a colour shift from pink to blue, which was not a pH effect. This was shown both in vitro and in vivo. Anthocyanin-containing B. rapa plants turned blue when supplied with colourless tungstate, but anthocyaninless mutants did not. In anthocyanin-containing B. rapa plants, the blue Cr as K 2 CrO 4 ), or cadmium (10 mg l ª1 Cd as CdSO 4 ). The anthocyaninless mutant (C1-108) contained significantly lower levels of Se, V, and Cd than the high-anthocyanin variety C1-67; C1-108 also had lower levels of Se and Cd than the intermediate anthocyanin variety C1-34 (P Ͻ 0.05). Note: the V and Cd y-axes do not start from 0, for better clarity.
compound co-localized with the anthocyanins in the peripheral cell layers.
This interaction of the anthocyanins with tungstate appears to facilitate W accumulation. Tungstate-treated B. juncea seedlings that were most blue (presumably due to higher anthocyanin levels) contained more W than (Hale et al. 2001) . As was shown here, a similar blue coloration could also be obtained in vitro with the other oxyanions vanadate and chromate, but not with selenate or cadmium. This interaction also appeared to have some effect on sequestration of these elements, although there was no clear correlation between blue coloration and enhanced metal sequestration. Of course it is feasible that anthocyanins interact with other metals without the blue coloration occurring, and that they can facilitate their sequestration. No blue coloration was observed in seedlings supplied with chromate or vanadate, in spite of the blue coloration obtained with these metals in vitro. Perhaps the levels of chromate and vanadate in the vacuole were not high enough to give a visible colour change in the seedlings. The Cr and V levels supplied to the seedlings had to be 2-fold lower than the supplied W or Mo levels, due to their higher toxicity. As a result, the tissue Cr and V levels may not have been high enough to see a blue coloration.
There was no correlation between tungsten tolerance and anthocyanin content. However, it should be noted that the growth medium used for these experiments contained both nitrate and ammonium. One reason why W is toxic to plants is because it replaces Mo in nitrate reductase, needed for nitrate assimilation. It is feasible that efficient sequestration of excess W is more essential when nitrate is the only source of nitrogen for the plant, and that anthocyanins would be more limiting for W tolerance in that case.
The structure of the various anthocyanins in B. juncea and B. rapa was not determined but judging from HPLC analysis the major peaks were similar in B. rapa and B. oleracea and therefore may be cyanidin-3-glucoside and cyanidin-3,5-diglucoside, as was reported for B. oleracea by Dyrby et al. (2001) . In any case, it appears that the ability to produce a blue compound with these oxyanions is a common property of anthocyanins, since several purified individual anthocyanins from B. oleracea showed the same phenomenon.
The nature of the metal-anthocyanin interaction is still not clear. It may involve a redox reaction or the formation of a metal-anthocyanin complex. If a complex was formed between the anthocyanins and tungstate this appears to be a reversible process since the metals did not stay bound to the anthocyanin over the course of the HPLC separation, from which the anthocyanins eluted at approximately 40% methanol and 5% formic acid, and were detected at 530 nm. The XAS studies did not suggest reduction of tungstate in the plant, since the molecular identity of the tungsten associated with anthocyanins appeared to be tungstate. It is known that metal ion chelation plays a role in determining anthocyanin colour (Elhabiri et al. 1997) . Metal complexation with anthocyanins has been reported for magnesium (Kondo et al. 1992) , iron (Everest and Hall 1921) , and Physiol. Plant. 116, 2002 357 aluminium (Takeda et al. 1985) cations. In each case, binding of these metals resulted in a colour change to blue. Association of tungsten and molybdenum with anthocyanins also results in a blue complex. In these cases, however, the metal is in an oxyanionic (as opposed to a cationic) species. For molybdenum this is a polymolybdate anion (Hale et al. 2001) , and for tungsten this is tungstate. For both molybdenum and tungsten it seems likely that association with the oxyanion is via an outer shell interaction, especially in view of the similarity of the near-edge spectra of aqueous tungstate and the blue tungstate-treated plant material.
As mentioned earlier, a role for anthocyanins in metal sequestration is not totally unexpected, since anthocyanins are produced in response to various stresses including metal stress , and have been proposed to have a role in free radical scavenging (Yamasaki 1997) . How can the interaction of oxyanions with anthocyanins facilitate their accumulation? This is as yet unclear, but possibly anthocyanins facilitate vacuolar metal sequestration, which may result in increased metal uptake by the plant.
In both the tungstate-supplied seedlings as well as those treated with molybdate, the blue compound accumulated in the peripheral cell layers, together with the anthocyanins. Molybdenum concentrations were shown to be highest in these same layers (Hale et al. 2001) . The same may be the case for W, since the bluer seedlings contained more W than the less blue ones. Unfortunately, localization of W in the epidermal cells of the Wsupplied plants using EDXA was not possible due to technical difficulties. In other studies epidermal accumulation was also reported for both anthocyanins (Alfenito et al. 1998 ) and metals (Heath et al. 1997 , Küpper et al. 1999 . Therefore, sequestration of excess metals in the peripheral cell layers appears to be a common mechanism of plant metal accumulation. This may serve as a means to sequester metals in tissues where the metals do less harm, or it may serve a function in plant defense against pathogens or herbivores. For instance, nickel hyperaccumulation has been shown to offer protection against herbivory (Boyd and Martens 1994) . Accumulation of toxic metals in the peripheral plant tissues could be an efficient way for the plant to protect itself against herbivory, and complexation with anthocyanins may be a mechanism by which the plant can achieve accumulation of metals in the peripheral tissue (where anthocyanins are abundant) so that the accumulated metal will be most effective as a defense mechanism.
In conclusion, the results presented here provide some new insight into tungsten sequestration mechanisms in plants, and the functions of anthocyanins. This new information may be useful for identification or breeding of plants with increased metal phytoremediation efficiency, for instance by selecting plants with high anthocyanin production. Of the high-anthocyanin cultivars used in this study B. rapa cv. Fast plants C1-67 would not be suitable for phytoremediation because of its small size. B. oleracea (red cabbage) may be useful if it indeed proves to be a good metal accumulator. Alternatively, existing species that are popular for metal phytoremediation may be engineered to produce more anthocyanins, by overexpression of one of the enzymes in the anthocyanin biosynthesis pathway.
